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ABSTRACT 


where 


Voltage multiplier techniques were extended 
at medium power levels to larger multiplication 
ratios. A aeries of DC -DC converters were built, 
with from 20 to 45 stages and with power levels up 
to 100 watts. Maximum output voltages were about 
10,000 volts. 


a number of multiplier stages 

1^ load current 

f chopping frequency 

C Individual capacitor values 


INTRODl'CTU ION 


V ( lmput voltage 


Previous work (1-5) has proven that capacitor 
diode voltage multiplier (CDVM) DC-DC conversion 
with efficiencies up to 96 percent and at power 
levels up to 1 kW Is possible. The multiplication 
factor, or ratio of DC output to DC Input voltage 
In this previous work was about 8 or 10. This 
paper discusses the extension of this multiplica- 
tion ratio for medium power multipliers, and ex- 
plarea large multiplication ratios In terms of 
efficiency, weight, and operating characteristics. 
Multipliers with twenty to forty-five stages were 
examined both analytically and experimentally. 
Emphasis was placed on high efficiency and light 
weight. Some large multiplication ratio work has 
already been reported In the literature (6-11). 
However, the converters were of low power and effi- 
ciency was not of primary concern. 


EQUATIONS FOR LOAD VOLTAGE DROOP, 

OUTPUT RIPPLE, AND LOSSES 

The voltage multiplier used was of the type 
shown In figure 1. The multiplication ratio, at 
low power, la approximately equal to the number of 
stages. Each stage Includes 2 capacitors and 2 
diodes. Descriptions of the transistor drive and 
control circuits have previously been reported 
(1-4) and will not be tepeated here. 


The output voltage was determined using tech- 
niques previously described by Harrlglll and Myers 
(1-4), Brugler (12), and Borneman (13). The aver- 
age value of the load voltage, V^, la: 
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For large values of s, the average output voltage, 
within a few percent, can be written as: 
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The first term, aV, la the no load voltage and may 
be considered analogous to the Internal voltage of 
a generator. The second term, 21^sV3fC, la the 
load voltage droop due to capacitor charging losses 
In the voltage multiplier 

This set tea voltage drop In the voltage 
multiplier gives rise to a power loss of 2s’lf/lfC. 
In addition to the DC output voltage V^, a ripple 
voltage Vg with a frequency of f la super- 
imposed on the output. This ripple voltage has a 
peak to peak value of 

l .(•)(• ♦ 1) 

v - — — r 33 


For large multiplication ratios, the droop voltage, 
which la a function of s^, Is much larger than 
the ripple voltage, which is a function of s^. 

In addition to the capacitor charging loss, 
there are other losses. See reference (2) and 
tables I and II. Note that one loss Is proportion- 
al to l£, several are proportional to 1, , and 
Boise are Independent of 1^. This suggests that a 
maximum efficiency exists at some load current. 

In order to determine this point of maximum effi- 
ciency, an expression for efficiency In terms of 
l L was formulated and Its dervlative with respect 
to load current set equal to zero. The efficiency 
q la equal to 
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The value of eupaeitoneo C requires lor each 
position in the multiplier la: 


For u well designed voltage mutliplier, the input 
current is very nearly equal to the number of 
stages a times the load current. 
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Normally, 1^ end are fixee by the load. The 
frequency £ ia also fixed or limited by stray 
inductunces or losses. The number of stages a, 
however, tnay be varied, 

Thu total capacitance C T is 
« 2aC, or 

2h 2 (s + 1) (2a/3 + 1/12)1 
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One cun now determine the optimum a by differen- 
tiation of Cj; with respect to s, and setting the 
resultant expression equal to zero. From a strict 
mathematical standpoint this is not possible, since 
s occurs in discrete, mtegrul values. For this 
treatment, however, s will be considered continu- 
ous, and the nearest integral value taken. 


The tosses given by sVk^ are independent of 
load current, the losses given by the kg term 
(sVkgii,) are proportional to load current, and the 
k~ term losses (2u5i?/3£c) are proportional to the 
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Setting df|/dl L = 0 gives 
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If we take the case with 

large 
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Substituting into the expression for C T , again 
for the case of large a, gives: 


The trend in the efficiency versus load current 
curve, and the variation in efficiency with the 
number of atagea s, is shown in the experimental 
results section. 


OPTIMIZING THE NUMBER OF STAGES FOR A 
GIVEN OUTPUT VOLTAGE 

It is desirable to select the minimum Blze 
(and weight) multiplier for a given application. 
The output voltage for a voltage mutliplier of the 
type shown in figure 1 was given in equation (1) 
as 
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and the capacitance per unit stage is 
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Since the efficiency of the converter is > 

and the input current is very closely equal to 
sir, for the minimum total capucitance case the 
efficiency is 
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EXPERIMENTAL RESULTS 

A aeries of large multiplication ratio voltage 
multiplier.? were built using 10 microfarad polyvi- 
nylidaiio fluoride capacitors and faat switching 
diodes. Tins Input was 255 V do, Switching was 
provided by npn transistors driven by small pulse 
trans Earners . Thu operational parameters of the 
multiplier ore given in table III, 

Alternate circuit approaches could have been 
tuken For example, a bridge circuit could have 
keen used for the switching transistors, providing 
double the voltuge output with the same number of 
stages. However, this would requite 4 translators 
Instead of two. Ho regulator was used, although 
one could huvu been incorporated. (See rtf. 3). 

The purpose of tills work was to duvulop the tech- 
nology of large multiplication ratio voltage multi- 
plier power aunplles for high power rt tubus; regu- 
lation, ripple, dynamics response and other re- 
quirements will depend upon the particular appli- 
cation involved, 

Figure 2 gives the voltage change with load 
far different multiplications. (25 stages means 
25 times multiplication) Calculated load voltages 
are given by the solid lines. Agreement butween 
calculated and experimental results arc seen to be 
reasonably goad. Figure 3 shows the efficiency as 
a function of load with the number of multiplier 
stages as u parameter. As expected, the efficiency 
decreases with Increasing number of stages, but 
still remains in the middle and high 80 percent 
range for reasonable capacitor sices. As can be 
seen from figure 3, 100 watts was nuar the peak In 
the efficiency curve. For applications where some- 
what lower efficiencies could be tolurated, it 
would be possible to operate the multiplier at 
higher power with the Bumc capacitors. In general, 
the ripple was small, of the order of one percent, 
due to the self filtering action of the multiplier 
capacitors. 


CONCLUSIONS 

Medium power, high multiplication ratio volt- 
uge multiplier DC-DC converters were Investigated, 
The following results and conclusions were obtained. 

1, A series of capacitor diode voLtagrs multi- 
pliers with 20 to 45 stages were built and evalu- 
ated, A multiplier with 45 stages und 10,000 volts 
output demonstrated 83 percent efficiency at 100 
watts output power. 

2. Experimental measurements plus analysis 
indicates the efficiency of a given configuration 
of voltage multiplier increases with power output, 
goes through a maximum, and decreases at higher 
power. 


3. The power level corresponding to the point 
of maximum efficiency may be varied by varying the 
amount of capacitance in the mulltpllet, 

4. Use efficiency decreases with increasing 
number of multiplier stages. 

5. No fundamental limits to higher multipli- 
cations were found, 

6. hurge power high multiplication ratio volt- 
age multipliers can be built, within component 
limitations. 

7. theoretical predictions of efficiency and 
voltuge output agree reasonably well with measured 
valves . 
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TABLE I. - DEFINITION OF SYMBOLS 
C DR reverse Junction capacitance of diode, F 

Cj. R transistor "off" Junction capacitance, F 

C unit CDVM capacitance, F 

f frequency, Hz 

l reverse leakage current of diodes, A 

1 load current, A 

l T off transistor "off" dc leakage current, A 


TABLE 11. • LOSSES IN VOLT ACF. MULTIPLIER 


U>ss type 

Capacitor charging loss 

Diode reverse junction 
charging loss 

Transistor reverse junction 
charging loss 

Diode forward conduction 

losses 

Transistor forward conduc- 
tion losses 

Diode reverse bias dc 
leakage losses 

Transistor "off" dc letk • 
age losses 

Transistor base drive loss 
Translator switching losses 


Diode switching losses 


Formula for loss 
21 2 s J /lfC 


2 * c »rY 


2c tr v ! 1 


2 ' v df‘l 


' v tf“l 


4 Ydr’ 


2l L V d* /e 

2 2 
<277*V t l t 8/J)(i T / llT ) 

2 2 

(" V t t L ./3)( D /> 1D ) 


s number of stages 

V DF diode conduction drop, V 

Vj transistor drive voltage, V 

V j Input voltage, V 

V T _ transistor average forward conduction 

drop, V 

0 chopper transistor current gain 


table iii. - 

Input voltage 
Output voltages 
Output power 
Switching frequency 


EXPERIMENTAL PARAMETERS 

25S V dc 
S000-1I.000 V dc 
10-120 U 
SO kHz 


ip diode switching time, sec 

period of diode current, sec 

: IT period of transistor Input current, sec 

i_ ttanslstor turn on time, sec 

T 





